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| INTRODUCTION
Trace elements, which include copper, take part in numerous physiological processes in birds, which are essential to proper functioning of the organism (Lim & Paik, 2006) . Copper is a component of enzyme systems involved in metabolic processes regulating functions of the nervous, digestive and circulatory systems, and mediates biosynthesis of immunologically active compounds (Jegede et al., 2015; Nollet, Van The copyright line changed on 13 November after first online publication.
Der Klis, Lensing, & Spring, 2007; Richards, Zhao, Harrell, Atwell, & Dibner, 2010 and activation lead to impairment of maturation of these cells in the spleen and of their reactivity to mitogens (Percival, 1998) . Antibody synthesis and the phagocytic index of cells are reduced as well.
Moreover, a delay in the acute-phase response is observed, as well as disturbances in synthesis of acute-phase proteins (APPs), including ceruloplasmin, cytokine synthesis and generation of reactive oxygen species during phagocytosis (Richards et al., 2010; Song, Zhu, Zhao, Jiao, & Lin, 2009 ). These phenomena in poultry lead to increased susceptibility to infections and losses associated with deaths (Chowdhury, Paik, Namkung, & Lim, 2004; Spears, 2000) .
The minimum daily requirement for copper in most species of birds, including boiler chickens, ranges from 5 to 8 mg/kg (Leeson, 2009 ). Skřivan, Ševčíková, Tůmová, Skřivanová, and Marounek (2002) have shown that to ensure the appropriate pharmacological concentration of copper in birds considerably higher doses should be administered, that is, 100-300 mg/kg, which also favourably affects productivity in the flock and provides protection against bacterial infections by stimulating immune processes (Perić et al., 2009 ).
The copper compounds most commonly used as feed additives for poultry are inorganic salts, carbonates, chlorides, oxides, and sulphates, such as copper sulphate pentahydrate. This compound causes considerable amounts of unabsorbed copper to be excreted with the faeces, leading to accumulation of the element in the soil and contamination of groundwater, which may cause poisoning in humans and animals (Bao, Choct, Iji, & Bruerton, 2007; Gupta & Charles, 1999) .
Organic forms of copper, also used in the form of feed additives, are more easily assimilated by poultry and other animal species and exert a more beneficial effect on their health. An example is coppermethionine chelates (Cu-Met), with relative bioavailability of approximately 88% to 147% in poultry, pigs, sheep and cattle (Miles, Henry, Sampath, Shivazad, & Comer, 2003; Spears, 1996) . The superior absorbability of organic copper compounds in the intestines reduces excretion of the element into the environment. Copper chelates accumulate in the body fluids and parenchymal organs of poultry, for example, the liver, increasing lipid metabolism, decreasing the cholesterol concentration and improving weight gain (Lim & Paik, 2006) .
Copper chelates in conjunction with methionine stimulate synthesis of antibodies taking part in the immune response, maturation of T lymphocytes and activation of B lymphocytes by lymphokines (Hong, Lim, & Paik, 2002) . Research in humans has shown that copper-methionine chelates stimulate phagocytic activity in phagocytes and increase SOD and ceruloplasmin concentrations in the organism (Das et al., 2014; Xian-ping et al., 2010 ).
The varied bioavailability and different effects of organic forms of copper on the immune system of poultry have prompted the search for new feed additives based on copper compounds containing modified chelate complexes. One example of this type of feed additive is copper-glycine chelate. This complex increases copper absorption by enterocytes and limits excretion of the element into the environment to a minimum (Jegede et al., 2015) . Research on humans has shown that copper-glycine chelates exert a modulatory effect on the immune system mainly by increasing proliferation of CD4 + cells secreting large quantities of IFN-γ, which is linked to stimulation of the Th1 response (Chatterjee et al., 2009 ).
The effect of glycine chelates and copper sulphates on parameters of the humoral and cellular immune response has yet to be adequately researched. 
| MATERIALS AND METHODS

| Experimental animals
The experiments were conducted at the Small Animal Teaching and
Research Station of the University of Life Sciences in Lublin. The study was conducted on 500 one-day-old Ross 308 roosters.
The experimental birds were kept in cages in a room with controlled temperature and humidity. The broilers were weighed and randomly placed in battery cages (1 m × 1 m), with five birds per cage. The metal cages with the chickens had grates that were replaced as the birds grew. The cages were equipped with nipple drinkers and feeders whose height was continually adjusted to the age of the birds. All cages were in the same room, where electric lighting was used throughout the rearing period of 24 h/day. Three days before the chickens were placed in the cages, the floor was heated to 29°C and the air to 33°C, with relative humidity of 63%. During the first week of the experiment, the temperature was kept at 33°C and thereafter was reduced weekly by 2-3°C until reaching a final temperature of 20-22°C. Humidity during successive periods of the experiment was as follows: days 1 to 21-55%-60%, days 22 to 35-60%-65% and days 36 to 42-65%-70%.
The birds were fed ad libitum mixtures appropriate for each period of rearing, that is, starter-S (days 1-21), grower-G (days 22-35) and finisher-F (days 36-42), with unlimited access to water. The grower and finisher mixtures were administered in the form of pellets, while the starter mixture was in the form of a crumble. The starter, grower and finisher feeds were prepared from maize meal, wheat meal and soya bean extraction meal. The total rearing period was 42 days.
The birds were divided into five groups: four experimental groups and a control group, with 20 birds each. On the first day of the experiment, 10 one-day-old chicks from each group were killed by decapitation to collect blood. The remaining 10 birds in each group were used for further stages of the experiment. 
| Blood samples
The test material was 2-ml samples of peripheral blood taken from the wing vein of one-day-old chicks and by decapitation, collected into sterile, heparinized test tubes (Equimed, Warsaw, Poland) and vacuum tubes with a clot activator and serum separator (Vacuette, Medlab Products). Samples were taken before the start of the study (day 0), on day 20 of rearing and on day 42, that is, after rearing was completed.
The samples were transported to the laboratory at a temperature of +4°C to +8°C within 1.0 h. Cytometric analysis of whole blood collected into heparinized tubes was performed immediately upon arrival at the laboratory. Serum was obtained from the vacuum tubes containing a clot activator and serum separator by centrifuging the blood at room temperature (20-22°C) for 15 min at 4,000 g. The serum was apportioned and stored at -80°C for further analysis.
| Determination of immune response parameters
Flow cytometry was used to determine selected cell-mediated immune response parameters. Blood samples were tested in a flow cytometer (Epics XL Beckman-Coulter, Comesa CH-Werfen, USA). All tests were performed according to the procedure recommended by the antibody manufacturer. Immunophenotyping was performed according to Jarosz et al., 2016 .
| Monoclonal
| Ceruloplasmin concentration in chicken serum
The measurements of the plasma ceruloplasmin concentrations were performed with the methods described by Bestujeva and Kolb (1982) .
| Plasma superoxide dismutase activity in chicken
Superoxide dismutase (EC 1.1.5.1; SOD) activities in erythrocyte lysates were assayed using kits from Randox Laboratories Ltd.
(Crumlin, UK) according to the method described by Woolliams, Wiener, Anderson, and McMurray (1983) . The Randox method uses xanthine and xanthine oxidase to generate superoxide radicals that react with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium (I.N.T.) to form a red formazan dye. The SOD activity is then calculated from the degree of inhibition of this reaction compared to a standard curve of SOD.
| Assay of IL2, Il-10 and TNF-α concentration in chicken serum
ELISA kits specific for chicken IL-2 (interleukin-2), IL-10 (interleukin-10) and TNF-α (tumour necrosis factor alpha) (USCN Life Science Inc., Wuhan) were used to determine the cytokine levels in the serum.
All procedures were performed according to the manufacturer's instructions.
| Statistical analysis
The results were analysed statistically using Statistica 10 Statistically significant differences (p < .05) in subpopulations of CD3 + CD8 + lymphocytes in comparison with the control group were observed in the group receiving Cu-Gly supplemented with phytase on day 42 of the study. In this group, the differences were also significant (p < .05) between days 0 and 42 of the study and between days 20 and F I G U R E 1 Percentage of subpopulation of lymphocytes in the peripheral blood of chickens: I-CD3
Values are expressed as the mean and standard deviation (α + /-SD). Asterisks indicate a significant increase in the parameter between experimental groups and the control on each testing day (*p < .05); a-statistically significant differences (p < .05) within groups between day 0 and day 20, b-statistically significant differences (p < .05) within groups between day 0 and day 42, c-statistically significant differences (p < .05) within groups between day 20 and day 42 assessed by the Kruskal-Wallis test and the median test Detailed data are presented in Figure 1 .V. Table 1 shows the effect of supplementation of the diet of the chickens with organic and inorganic compounds of copper on serum concentrations of ceruloplasmin. A statistically significant increase (p < .05) in this parameter was observed on days 20 and 42 in all experimental groups as compared to the control. Statistically significant differences (p < .05) in ceruloplasmin concentration were also visible in all experimental groups between days 0 and 20 and between days 0 and 42. In the groups that received organic forms of Cu (Cu-Gly and Cu-Gly+F), a significant increase (p < .05) in ceruloplasmin concentration was also observed between days 20 and 42 of the experiment.
| Ceruloplasmin concentration in the chicken serum
| Plasma superoxide dismutase activity in the chickens
A statistically significant increase (p < .05) in superoxide dismutase activity in erythrocyte lysates was observed on days 20 and 42 in all groups receiving supplements as compared to the control.
Statistically significant differences (p < .05) in the concentration of SOD between days 0 and 20 and between days 0 and 42 also were noted in all experimental groups. In the groups receiving inorganic forms of Cu (CuSO4 and CuSO4 + F), a significant increase in (p < .05) SOD concentration between days 20 and 42 was observed as well (Table 2) .
| Concentrations of IL-2, IL-10 and TNF-α in the chicken serum
The data presented in 
| DISCUSSION
Trace elements, which include copper, have a strong effect on the immune system (Percival, 1998 Values are expressed as mean and standard deviation (α + /−SD). *Significant increase in the parameter between experimental groups and the control on each testing day (*p < .05). Statistically significant differences (p < .05) within groups between (a) day 0 and day 20, (b) day 0 and day 42, and (c) day 20 and day 42.
T A B L E 2 The impact of the supplementation of inorganic and organic form of copper on the plasma superoxide dismutase (SOD) activity in the chickens F I G U R E 2 Serum concentration of cytokines in chickens: I-IL-2, II-IL-10, III-TNF-α. Values are expressed as the mean and standard deviation (α + /−SD). Asterisks indicate a significant increase in the parameter between experimental groups and the control on each testing day (*p < .05); a-statistically significant differences (p < .05) within groups between day 0 and day 20, b-statistically significant differences (p < .05) within groups between day 0 and day 42, c-statistically significant differences (p < .05) within groups between day 20 and day 42 assessed by the Kruskal-Wallis test and the median test a higher mortality rate (Skřivan et al., 2002; Spears, 2000) . Optimal functioning of the organism is known to be associated with maintenance of homoeostasis, including in conditions of exposure to endogenous and exogenous stimuli, which requires interactions between numerous immunocompetent cells, that is, efficient functioning of the immune system (Stable, Spears, & Brown, 1993) .
For this reason, enrichment of feeds with copper compounds is particularly important in intensive poultry production, as contemporary systems for raising these animals are aimed at achieving the highest possible slaughter weight in a relatively short time, while the birds are exposed to numerous infectious agents in their environment. Supplementation of poultry feed with copper compounds also affects the lymphatic organs, such as the bursa of Fabricius, stimulating their growth (Fan, Li, Xi, JunLiang, & HengMin, 2009 ). This has been confirmed by Arshami, Hosseini, and Torshizi (2010) and Fan, Xie, Wang, Hou, and Huang (2008) observations by Gengelbach, Ward, and Spears (1994) and Spears, 2000 ; who showed that supplementation of cattle feed with copper sulphates did not affect the concentration of pro-inflammatory cytokines TNF-α and IL-1. It may indicate also non-physiological serum concentration of this cytokine prior to feed supplementation (Scuderi, 1990; Sharma, Joshi, & Das, 2008) . supplemented with a copper-glycine chelate (Chatterjee et al., 2009; Strubelt et al., 1996) .
Ceruloplasmin (Cp) and superoxide dismutase (SOD) are copperdependent enzymes exerting an anti-inflammatory effect in birds.
They play an important role in preventing oxidative damage to tissues resulting from developing infection and inflammation (Cerone, Sansinanea, Streitenberger, Garcia, & Auza, 2000; Eckersall, 2004) .
Inadequate supply of copper in birds increases the susceptibility of cells to oxidative stress. This leads to damage to cellular components, mainly nucleic acids, such as DNA, which loses its integrity, resulting in cell death (Pan & Loo, 2000; Song et al., 2009 ).
Ceruloplasmin (CP) in mammals is a plasma protein, which accumulates over 95% of the copper contained in plasma (Martinez-Subiela, Tecles, & Ceron, 2007) . When the copper concentration in the blood of birds is low, the serum level of CP is low as well (Disilvestro & Harris, 1985) . Ceruloplasmin is a multifunctional protein, which stores, transports and transfers copper to cells owing to the presence of CP receptors. This is significant in inflammatory processes, in which ceru- Precise knowledge of the mechanisms underlying these phenomena requires in-depth immunological research on GALT function in poultry whose diet is supplemented with copper-glycine chelates.
Superoxide dismutase (SOD) is one of the most important Cudependent enzymes and is functionally associated with various tissues (Senthilkumar et al., 2009) . SOD catalyses dismutation of superoxide radical to hydrogen peroxide and protects cells and tissues exposed to reactive oxygen species (ROS) against lipoperoxidation (Cheung & Tai, 2007) . During inflammatory processes, an increase in SOD activity is observed in tissues. An increase in the activity of this enzyme induced by administration of an organic form of copper has been demonstrated by Xin, Waterman, Hemken, and Harmon (1991) in cattle and by Senthilkumar et al. (2009) in sheep. In contrast, Koh, Peng, and Klasing (1996) and Dorton et al. (2003) , in studies on cattle, found no increase in SOD activity dependent on the amount of Cu used in the feed. In the present study, an increase in SOD activity was noted in the chickens whose feed was supplemented with copper, with the highest values obtained following application of copper-glycine chelates. High SOD activity stimulates neutrophils to produce oxygen in the phagosomes, thereby increasing the efficiency of phagocytosis. It seems likely that an increase in SOD in poultry enhances the phagocytosis process, protecting the organism against infections (Arthur & Boyne, 1985; Ognik & Krauze, 2016) . 
| CONCLUSION
